Abstract 4F is an anti-inflammatory, apolipoprotein A-I (apoA-I)-mimetic peptide that is active in vivo at nanomolar concentrations in the presence of a large molar excess of apoA-I. Physiologic concentrations (?35 mM) of human apoA-I did not inhibit the production of LDL-induced monocyte chemotactic activity by human aortic endothelial cell cultures, but adding nanomolar concentrations of 4F in the presence of ?35 mM apoA-I significantly reduced this inflammatory response. We analyzed lipid binding by surface plasmon resonance. The anti-inflammatory 4F peptide bound oxidized lipids with much higher affinity than did apoA-I.
The 4F peptides L-4F and D-4F are apolipoprotein A-I (apoA-I) mimetics that demonstrate prominent antiinflammatory properties in vitro and in animal models . ApoA-I has a mass of 28 kDa, and is present in human and mouse plasma at a concentration of ?35 mM. D-4F is a 2.3 kDa peptide, and after oral administration of D-4F to mice, its maximal plasma concentration was only ?130 nM (7) . Humans who received a single oral dose of D-4F had even lower plasma concentrations, ?4 nM (23) . Despite such low levels, HDL isolated from mice or humans that had received a single dose of D-4F became significantly more "anti-inflammatory," as judged by the diminished monocyte chemotactic activity generated by human aortic endothelial cells (HAECs) treated with LDL. This anti-inflammatory effect was also demonstrated in vitro, inasmuch as adding ?120 nM 4F to the plasma of selected human patients containing ?35 mM apoA-I also reversed the pro-inflammatory properties of their HDL (24) . In other in vitro experiments, we added D-4F to apoE-null mouse plasma. When such plasma was fractionated by fast-protein liquid chromatography, we noted the movement of 15-hydroxyeicosatetraenoic acid into the fractions containing D-4F (7), suggesting that the affinity of D-4F for this oxidized lipid might be much greater than that of apoA-I.
Consistent with this hypothesis was the finding that adding human apoA-I to human artery wall cells in a preincubation followed by removal of the apoA-I prior to the addition of human LDL dramatically reduced the ability of the cells to oxidize LDL to a form that could stimulate the induction of monocyte chemoattractant protein-1 (MCP-1) as determined by a bioassay (25) . However, if the apoA-I was left in the cultures when the LDL was added (a coincubation) the oxidation of LDL and the induction of MCP-1 was the same as if the apoA-I had not been added (25) . In contrast, the addition of D-4F prevented LDL oxidation and MCP-1 induction even in a co-incubation (1) . We hypothesized that apoA-I bound the oxidized lipids with lower affinity, compared with D-4F, allowing the lipids to dissociate from the apoA-I and stimulate MCP-1 production. In contrast, the affinity of oxidized lipids for D-4F was postulated to be so strong that they could not effectively dissociate and MCP-1 production was prevented (24) .
The specificity of 4F for oxidized lipids was also suggested by recent in vivo studies. D-4F treatment dramatically reduced the levels of oxidized lipids recognized by the monoclonal antibody EO6 in kidney tissue without significantly affecting renal apoB, plasma lipid, or plasma lipoprotein levels (22) .
In the studies reported here, we used surface plasmon resonance (SPR) measurements to compare the binding of nonoxidized lipids and oxidized lipids to full-length human apoA-I and to apoA-I-mimetic peptides. The results indicate that specific mimetic peptides have an increased binding affinity for oxidized phospholipids, compared with the parent nonoxidized phospholipids, whereas full-length human apoA-I binds oxidized and nonoxidized phospholipids similarly. The mimetic peptides bind oxidized and nonoxidized FAs with similar high affinity, whereas fulllength human apoA-I binds oxidized FAs with a much lower affinity, compared with the nonoxidized parent FAs. We also directly tested the ability of an apoA-I-mimetic peptide (4F) to inhibit LDL induction of MCP-1 in cultures of HAECs incubated in the presence of a vast excess of human apoA-I, and we found that 4F (but not apoA-I) was highly effective in preventing LDL induction of MCP-1 under these conditions.
MATERIALS AND METHODS

Lipids
PAPC (L-a-1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine), PAPE (1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphatidylethanolamine), POVPC (1-palmitoyl-2-(5-oxovaleroyl)-snglycero-3-phosphorylcholine, and PGPC (1-palmitoyl-2-glutaroylsn-glycero-3-phosphorylcholine), were from Avanti Polar Lipids (Alabaster, AL). Cholesterol, $99% pure, 20(S)-hydroxycholesterol, 22(S)-and 25-hydroxycholesterol, arachidonic acid, linoleic acid, palmitic acid, hexanonic acid, octanoic acid, decanoic acid, and glycerol trioleate were from Sigma-Aldrich (St. Louis, MO). 13 (S)-HPODE (hydroperoxyoctadecadienoic acid), 5(S)-, 12(S)-, and 15(S)-HPETE (hydroperoxyeicosatetraenoic acid), 12(S)-and 15(S)-HETE (hydroperoxyoctadecadienoic acid), were from BioMol, Plymouth Meeting, PA. 9(S)-, 13(S)-HODE (hydroxyoctadecadienoic acid) and KOdiA-PC (1-palmitoyl-2-(5-keto-6-octenedioyl)-sn-glycero-phosphatidylcholine) (26) were from Cayman Chemical US (Ann Arbor, MI), and 4-b-and 24(S)-hydroxycholesterol were from Steraloids (Newport, RI). Air-oxidized PAPC (oxPAPC) and PEIPC (1-palmitoyl-2-(5,6-eoxyisoprostane E2)-sn-glycero-3-phosphorylcholine) were prepared as previously described (27, 28) .
Peptides and proteins
D-4F and L-4F (Ac-DWFKAFYDKVAEKFKEAF-NH 2 ) have the same sequence, but are enantiomers, with one (D-4F) composed exclusively of D-amino acids and the other containing only L-amino acids. The inactive control peptide called Scrambled L-4F (ScL-4F) has the same overall amino acid composition as L-4F but in a sequence that does not promote amphipathic a-helix formation (Ac-DWFAKDYFKKAFVEEFAK-NH 2 ). These three peptides were synthesized as previously described (1), as were 3F-2 (Ac-DKWKAVYDKFAEAFKEFL-NH 2 ) and 3F
14 (Ac-DWLKAFYDK-VAEKFKEAF-NH 2 ) (29, 30) . The synthesis of N-terminally biotinylated L-4F was done on a Symphony automated peptide synthesizer (Protein Technologies, Inc., Tucson, AZ), using conventional 9-fluorenylmethoxycarbonyl (Fmoc) chemistry (31) and commercially available amino acid derivatives and reagents (EMD Biosciences, San Diego, CA). Biotin (Pierce, Rockford, IL) was introduced via the flexible 6-aminohexanoic linker (Ahx). The biotinylated peptide (Biotin-Ahx-D-WFKAFYDKVAEKFKEAF-NH 2 ) was cleaved from the resin by applying a mixture of trifluoracetic acid (94% v/v), phenol (2% w/v), water (2% v/v), and triisopropysilane (2% v/v) for 2 h. The peptide was precipitated with ice-cold diethyl ether and purified by preparative reverse-phase (RP)-HPLC) to .95% homogeneity by analytical RP-HPLC and matrix-assisted laser desorption ionization-mass spectrometry. Purified human apoA-I (purity approximately 97%) was purchased from Sigma-Aldrich, and purified human apoA-I "Cappel brand" (purity .98%) was purchased from MP Biomedicals (Solon, OH), and these were used interchangeably because the two preparations gave similar results. BSA was from Sigma-Aldrich.
Binding studies
Binding studies were performed by SPR on a BIAcore 3000 system (BiaCore AB, Piscataway, NJ). In most experiments, peptide ligands and apoA-I were immobilized on a BIAcore CM5 sensor chip activated per the manufacturerʼs protocol with N-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminoisopropyl) carbodiimide. After achieving adequate immobilization, the sensor surface was deactivated with ethanolamine. Analyte solutions were prepared in a standard BIAcore buffer (HBS-EP), containing 10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% (v/v) surfactant P20. Lipid stock solutions were prepared in ethanol, so that analyte-containing, HBS-EP binding buffer contained up to 2.0% ethanol. Lipid binding was measured by observing the change in the SPR angle as 30 ml of lipid (various concentrations) in HBS-EP buffer flowed over the sample for 3 min at 10 ml/min. The chip was regenerated between trials by washing with 25% or 50% ethanol. Equilibrium affinity constant (K D ) values were calculated from assays performed with five different lipid concentrations that gave binding responses of 30 to .500 resonance units (RUs). The calculations were done with BIAcoreʼs BIAevaluation software, version 4.1, assuming a molar ratio of 1:1 lipid:protein binding. For oxidized PAPC, such calculations necessarily assumed that a single phospholipid species of known molecular weight was present, whereas in reality, multiple oxidized species of different masses were present. We identify any such K D values as K Dapp (apparent K D values) to emphasize their qualitative nature, as is further discussed below. To remedy this, experiments with oxidized PAPC were repeated with well-defined lipids, including several previously identified components of the oxidized PAPC preparation (32, 33) . Given the difference in the mass of the peptides relative to the mass of apoA-I, in an attempt to equalize the molar densities of these ligands, the biosensors contained 4-to 6-fold more RUs of immobilized apoA-I than 4F, and the apoA-I result was scaled and normalized by multiplying the observed binding to equalize the relative molar densities of the apoA-I and 4F on the biosensors. into peptide bonds. For most peptides and proteins, this can be either the N-terminal amino group or the y-amino group of one or more lysine residues. Because the various apoA-mimetic peptides had blocked N-termini, only the latter mode of coupling applied. To address the possibility that having different or multiple lysines as attachment sites might vary the conformations of the immobilized proteins and peptides, we performed some binding studies with N-biotinylated L-4F that was affixed to a streptavidin (Sigma-Aldrich)-coated BIAcore SA chip to provide a biosensor containing L-4F with unmodified lysine residues. This approach allowed us to use freely mobile peptides in completely native conformations. In addition, we tested the converse situation by preparing a biotinylated analog of the phospholipid PAPE. Briefly, biotin was linked to ethanolamine at the sn-3 position of PAPE in the presence of dicyclohexylcarbodiimide and dimethylaminopyridine in dichloromethane as previously described (34) . PAPE-N-Biotin was purified by preparative HPLC and then oxidized in air (usually 48-72 h). The oxidized and nonoxidized lipids were bound to BIAcore SA chips so that the acyl chains in the sn-1 and sn-2 positions were presumably freely mobile in the solvent.
Cell culture and other methods
HAECs were cultured as previously described (21) . The production of MCP-1 was measured by bioassay as monocyte chemotactic activity as described (25) and normalized to the levels induced by LDL alone (21) . Other methods, including statistical analyses were as described (21) .
RESULTS
We previously reported that adding 50 mg/ml of human apoA-I to human artery wall cells in culture did not prevent LDL oxidation and induction of MCP-1 as measured by a bioassay if the apoA-I was added at the same time as LDL (25) . As shown in Fig. 1 , adding 1 mg/ml (?35 mM) of human apoA-I to HAECs did not decrease LDL-induced monocyte chemotactic activity and actually slightly increased it. In the experiments shown in Fig. 1 , L-4F was added at concentrations ranging from 0.43 nM (0.001 mg/ml) to 0.43 mM (1 mg/ml) in the presence of 35 mM (1 mg/ml) of human apoA-I. At a concentration of 4.3 nM (0.01 mg/ml), L-4F significantly (P , 0.001) decreased the LDL-induced monocyte chemotactic activity, and 0.43 mM of L-4F reduced the levels to those achieved with normal human HDL (Fig. 1) . The effect of L-4F on the lipoprotein inflammatory index in the absence of apoA-I was not significantly different at any concentration tested, compared with L-4F in the presence of apoA-I (data not shown). Thus, the effect of L-4F did not depend on the presence of full-length apoA-I. These results confirm and extend our previous results (25) and directly prove that 4F is effective at nanomolar concentrations even in the presence of a very large excess of human apoA-I. Figure 2 shows the effects of oxidizing PAPC on its binding to apoA-I and the 4F peptides. The total duration of oxidation was 48 h, and during that time, PAPC was converted to multiple different components, collectively designated "oxPAPC." At the conclusion of oxidation, no intact PAPC was observed by mass spectrometry (data not shown).
Samples of oxPAPC were removed and tested at intervals, and the "apparent K" (K Dapp ) values were calculated. The K Dapp of oxidized PAPC for binding apoA-I changed very little, whereas for D-4F and L-4F, it decreased by several orders of magnitude ( Fig. 2A) . Even at the zero-hour time point, the binding isotherms of apoA-I and the 4F peptides differed substantially when concentrations well below the K Dapp were tested (Fig. 2B) . Similar behavior was also seen when subsequent oxPAPC samples were tested (Fig. 2C, D) .
When comparing K D data with a binding isotherm, it must be recalled that the K D value is derived from the equation:
In this equation, k d represents the dissociation rate constant and has units of 1/sec, and k a represents the association rate constant and has units of 1/Msec. The high affinity (low K D value) of the oxPAPC preparations derives principally from their much higher association rates, which are reflected in the isotherms by the much steeper upward slope of the binding curves for the 4F peptides. In Fig. 2 , the k a values for oxPAPC were 9.92 3 10 We used homogeneous lipid preparations to further evaluate the binding of oxidized lipids by the 4F peptides. Table 1 shows the affinity of four pro-inflammatory oxi- Fig. 1 . L-4F, but not apolipoprotein A-I (apoA-I), inhibits LDLinduced monocyte chemotactic activity in cultures of human aortic endothelial cells (HAECs). Human LDL (hLDL) was added to cultures of HAECs with or without hHDL or full-length human apoA-I, or L-4F added together with the apoA-I at the concentrations shown. As a control, apoA-I was also added with an inactive form of L-4F, scrambled 4F (ScL-4F), and monocyte chemotactic activity was determined and normalized to LDL alone, as described in Materials and Methods. Statistical analysis: P , 0.001, hHDL 1 hLDL versus hLDL alone; P , 0.001, apoA-I 1 hLDL versus LDL alone; P , 0.001, apoA-I 1 L-4F (1 mg/ml) 1 hLDL versus apoA-I 1 hLDL; P , 0.001, apoA-I 1 L-4F (0.5 mg/ml) 1 hLDL versus apoA-I 1 hLDL; P , 0.001, apoA-I 1 L-4F (0.1 mg/ml) 1 hLDL versus apoA-I 1 hLDL; P , 0.001, apoA-I 1 L-4F (0.01 mg/ml) 1 hLDL versus apoA-I 1 hLDL; P . 0.05, apoA-I 1 L-4F (0.001 mg/ml) 1 hLDL versus apoA-I 1 hLDL; P . 0.05, apoA-I 1 ScL-4F (1 mg/ml) 1 hLDL versus apoA-I 1 hLDL. The values shown are the mean 6 SD from quadruplicate determinations for a total of 36 high-powered fields examined in each experiment (n53). Several nonoxidized FFAs that varied in chain length and saturation were bound with equal affinity by apoA-I, D-4F, and L-4F (Table 2) . However, oxidized species such as HPETE (hydroperoxyeicosatetraenoic acid), HPODE (hydroperoxyoctadecadienoic acid), HETE (hydroxyeicosatetraenoic acid), and HODE (hydroxyoctadecadienoic acid) were bound with K D values that were often five orders of magnitude lower for 4F peptides than for apoA-I (Table 2) . This difference resulted because the K D values for binding to the peptides were similar for the oxidized FAs and their nonoxidized precursors. In contrast, these oxidized FAs bound apoA-I with much lower affinity than their nonoxidized precursors. Table 3) . Neither cholesterol nor its oxidized analogs bound sufficiently to apoA-I for us to estimate a K D .
In the experiments described above, the lipids were not associated with lipoproteins. To determine whether lipids associated with lipoproteins would behave similarly, the binding of LDL that had been incubated overnight with HAECs was compared with the binding of LDL that was not incubated with HAECs. We have previously reported that incubating LDL with HAECs results in the transfer of hydroperoxy FAs such as HPODE from the endothelial cells to LDL (25) . The binding affinity (K D ) of LDL that had In the examples shown up to this point, apoA-I and the N-terminally blocked apoA-I-mimetic 4F peptides were immobilized to the sensor chip by an amine-coupling procedure that converted one or more of their lysine-y-amino group(s) into one or more amides. To assure ourselves that this immobilization procedure had not somehow enhanced the ability of the 4F peptides to bind oxidized lipids, binding studies were also performed by attaching N-biotinylated L-4F to a streptavidin-coated CM5 chip. Using results obtained with a series of phospholipid concentrations, we calculated a K Dapp value of 3.1 3 10 28 M for oxPAPC and a K D of 2.2 3 10 24 M for native PAPC. Figure 4A shows studies done with two concentrations of native PAPC and oxPAPC: 1 mM and 1 pM. Immobilized biotinylated L-4F bound both at the 1 mM concentration, but bound only oxPAPC at the 1 pM level. Figure 4B shows that immobilized biotinylated L-4F could even bind subpicomolar (attomolar) concentrations of KOdiA-PC. In other studies, it was determined that the biotinylation of L-4F did not alter its biologic activity (data not shown).
As a further control, we reversed the binding conditions by immobilizing the lipid on the sensor chip and introducing the 4F peptides in solution. To do so, we biotinylated 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphatidylethanolamine (PAPE) to prepare PAPE-N-Biotin. Whereas one aliquot of this reagent was stored under argon at 280°C, another was allowed to oxidize for 48-72 h (as monitored by electrospray ionization-mass spectrometry) to prepare oxPAPE-N-Biotin as described in Materials and Methods, and then both were coupled to streptavidin-coated sensor chips. Where as little as 60 femtograms of L-4F/ml (?26 fM) gave a good binding signal with immobilized N-biotin-oxPAPE (Fig. 5) , even 100 mg/ml of L-4F (43.3 mM) failed to bind immobilized PAPE-N-Biotin that had not been oxidized. The apparent affinity of soluble L-4F for immobilized oxPAPE-N-Biotin (K Dapp 5 1.36 3 10 29 M) was similar, and perhaps greater than its affinity apoA-I, apolipoprotein A-I; PAPC, 1-palmitoyl-2-arachidonoyl-snglycero-3-phosphorylcholine; PGPC, 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphorylcholine; POVPC, 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphorylcholine; PEIPC, 1-palmitoyl-2-(5,6-epoxyisoprostane E2)-sn-glycero-3-phosphorylcholine; KOdiA-PC, 1-palmitoyl-2-(5-keto-6-octenedioyl)-sn-glycero-phosphatidylcholine. Binding was determined by surface plasmon resonance (SPR), as described in Materials and Methods. The values shown are the mean 6 SEM from five separate experiments.
when the L-4F was biotinylated and immobilized to the biosensor and the unmodified lipids were in solution.
Whereas apoA-I contains 243 amino acid residues, the apoA-I-mimetic peptides contain only 18 amino acids. Accordingly, we tested two additional 18-residue apoA-Imimetic peptide analogs, 3F-2 and 3F 14 . Although both have class A, amphipathic helical structures and they bind nonoxidized lipids similarly, 3F-2 inhibited atherosclerotic lesion formation in a mouse model and 3F 14 did not (30) . Figure 6A shows that immobilized 3F-2 and L-4F bound oxPAPC identically; however its binding by 3F 14 was significantly less, resembling its binding by apoA-I (Fig. 2A) . Moreover, when 3F-2 and 3F 14 were compared for their ability to bind specific oxPAPC components (POVPC, PGPC, and PEIPC) as well as the oxidized lipid 15(S)-HPETE, 3F-2 was more effective (Fig. 6B) . Thus, the antiinflammatory peptides 3F-2 and 4F bind pro-inflammatory oxidized lipids and phospholipids with an affinity that is much higher than that shown by apoA-I or by 3F 14 .
DISCUSSION
We previously reported that human apoA-I was significantly more potent than mouse apoA-I in rendering HDL anti-inflammatory in a mouse model of atherosclerosis (35) . In other studies, we reported that the apoA-I-mimetic peptide D-4F was much more anti-inflammatory than human apoA-I in LDL receptor-null mice with influenza A viral pneumonia (3) . The data reported here indicate that the binding affinities for nonoxidized phospholipids are similar for human apoA-I and the mimetic peptides D-4F, L-4F, 3F-2, and 3F 14 . Oxidation of PAPC only minimally changed the binding affinity for apoA-I and 3F 14 (a biologically inactive peptide). In contrast, the binding affinities of oxPAPC and defined oxidized phospholipids for D-4F, L-4F, and 3F-2 (peptides that inhibit lesions in mouse models of atherosclerosis), compared with the nonoxidized phospholipids, were dramatically increased. Interestingly, the binding of oxidized and nonoxidized FFAs to the 4F peptides was of equally high affinity, with K D values ranging between 10 25 and 10 210 M (Table 2) . Thus, the binding affinity of the phospholipids for the 4F peptides only approached that of the FAs after the phospholipids were oxidized.
As noted above, in the case of apoA-I, the binding of phospholipids was similar whether oxidized or not oxidized. However, the binding of the FFAs (arachidonic and linoleic acids) to apoA-I decreased dramatically when they were oxidized (Table 2) .
Epand et al. (9) studied the interaction of L-4F with a synthetic membrane containing phospholipid with and without cholesterol. They found that the peptide penetrated more deeply into the membrane in the absence of cholesterol and in the presence of cholesterol, resulted in the separation of cholesterol from the phospholipid. These results might suggest a higher binding affinity of L-4F for the phospholipid, compared with the cholesterol. As shown in Fig. 2 , before oxidation, the apparent K D (K Dapp ) value for the binding of the phospholipid to the 4F peptides was ?10 24 M. As shown in Table 3 the K D value for the binding of cholesterol to the 4F peptides was ?10
27 M. These differences may be due to several factors: i) differences in the phospholipids studied (SOPC in the case of Epand et al. and PAPC here); ii) the mechanism promoting the separation of cholesterol from the membrane phospholipid may not be related to differences in the binding affinities; or iii) the differences in studying these interactions in a membrane versus studying the interactions in a nonmembrane environment.
Both oxidized phospholipids and oxidized FAs bound with much higher affinity to the peptides than to apoA-I (Tables 1 and 2 ). Interestingly, the binding affinity of oxidized phospholipids for the peptides was even higher than the binding affinity of the oxidized FAs for the peptides (Tables 1 and 2 ). Differences in relative polarity or differences in tertiary structure between the two classes of oxidized lipids may have contributed to these differences in binding affinity for the peptides.
The results reported here cannot be attributable to the amine-coupling procedure used to attach the peptides to the biosensor chip surface. The remarkably high affinity of the 4F mimetic peptides for oxidized phospholipids was seen both when L-4F was immobilized to the sensor chip by a biotin-streptavidin linkage and the phospholipids were in solution (Fig. 4) and when biotinylated phospholipids were immobilized on the sensor chip and the 4F peptides remained in solution (Fig. 5) .
The activity of class A amphipathic helical peptides in biological systems was suggested to depend on hydrophobic face-lipid acyl chain interactions (10, 29, 36) . Based on the imputed molecular shapes of 3F-2 and 3F
14
, it was predicted that the entry of water and oxidized lipids into the surrounding hydrophobic milieu of the peptide would be favored for the 3F-2 molecule but not for 3F 14 (29) . Similar considerations may explain why the apoA-I-mimetic peptide 4F inhibits lesion formation in mouse models of atherosclerosis, whereas 2F (another class A amphipathic helical peptide) does not (36) . Consistent with the present data, the mimetic peptides 3F-2 and 4F removed lipid hydroperoxides from the LDL of Watanabe rabbits, whereas 3F 14 did not (10) . 3F-2 and 4F also prevented oxPAPC from inducing MCP-1 activity in cocultured human aortic endothelial and smooth muscle cells, whereas 3F 14 did not (10) . The enhanced binding of the 4F peptides has been attributed to their ability to interact with lipid membranes, creating microdomains for the sequestration of polar lipids derived from an aqueous environment (36) . In the experiments utilizing sensor chips, this mechanism would not be operative. However, it is possible and, we think, likely that microdomains in the water layer surrounding the immobilized peptides provide a similar thermodynamically favored environment for oxidized lipids. We believe that the structural basis of the binding of oxidized lipids to the peptides relates to the fact that the oxidized lipids are more polar than the nonoxidized lipids from which they are derived and the peptides provide a microenvironment that thermodynamically is more favorable than either the pure lipid or the aqueous environment in which they were formed.
Recently Wool, Reardon, and Getz (37) reported in vitro studies showing that dimers of the 4F peptide linked by proline or alanine or the sequence KVEPLRA produced more remodeling of HDL and more cholesterol efflux compared with 4F alone. However, 4F alone was more effective in preventing LDL oxidation than was the case for the dimers. The physiologic relevance of the differences in the affinities of apoA-I and apoA-I-mimetic peptides will be determined in vivo by the amounts or fluxes of the oxidized lipids and the amounts or fluxes of peptide versus apoA-I in the plasma at a steady state. The concentration of cholesterol in the plasma of apoE-null mice is measured in the range of mg/ml. The concentration of oxidized phospholipids in the plasma of apoE-null mice is measured in the range of mg/ml (38) . The four to six orders of magnitude difference in the affinity of the apoA-I-mimetic peptides for binding these oxidized phospholipids compared with apoA-I (Table 1 ) appears sufficient to favor the peptides over apoA-I, as shown by the experiment in presented in Fig. 1 .
Recently, we demonstrated that feeding a Western diet to LDL receptor-null mice caused an accumulation of oxidized phospholipids in the kidneys associated with renal inflammation. Consistent with in vitro studies indicating that oxPAPC induces cytokine production through a sterolregulatory element binding protein (SREBP)-mediated mechanism (39, 40) , renal SREBP-1c mRNA levels increased dramatically in mice fed the Western diet, compared with the same mice on a chow diet (22) . The increased SREBP-1c mRNA levels were associated with a significant increase in renal triglyceride levels. Adding D-4F to the drinking water of the LDL receptor-null mice on the Western diet did not alter plasma triglycerides, cholesterol, or LDL 1 VLDL cholesterol levels, nor did it significantly change renal cholesterol levels. However, the addition of D-4F to the drinking water reduced the levels of oxidized phospholipids in the kidneys to those seen in mice on chow and similarly reduced SREBP-1c mRNA levels and renal triglyceride levels without altering the levels of apoB retained in the kidneys. Thus, the action of the apoA-I-mimetic peptide appeared to be specifically related to the levels and known mechanisms of action of oxPAPC in inducing inflammatory cytokines (22) .
Because the maximum plasma levels of D-4F achieved in mice after oral administration are only about ?130 nM (7), and plasma levels of apoA-I in mice are ?35 mM, it has been difficult to understand how 4F might achieve its beneficial effects in vivo. The dramatic difference in binding affinities for oxidized phospholipids between the mimetic peptides and apoA-I could explain how these apoA-I-mimetic peptides exert their potent biological activities, even when surrounded by a "sea" of apoA-I. The results of the experiments shown in Fig. 1 , where concentrations of full-length human apoA-I were similar to those in plasma and did not inhibit LDL-induced monocyte chemotactic activity, but the addition of 4.3 nM of L-4F significantly reduced this activity and 0.43 mM was as effective as normal human HDL, are consistent with this explanation.
We previously reported that the peptide 3F 14 was unable to inhibit LDL-induced monocyte chemotactic activity, in contrast to the potent inhibition seen with L-4F (see 30 for studies in a mouse model of atherosclerosis), suggest that a strategy seeking to design anti-inflammatory apoA-I-mimetic peptides should not focus on the binding properties of the peptides for nonoxidized lipids, but rather should focus on developing peptides that bind oxidized lipids with very high affinity.
